The formation of the translation initiation complex represents the rate-limiting step in protein synthesis. Translation initiation in the crenarchaeon Sulfolobus solfataricus depends on several translation IFs (initiation factors), some of which have eukaryal but no bacterial counterparts. In the present paper, we review the current knowledge of the structure, function and evolution of the IFs in S. solfataricus in the context of eukaryotic and bacterial orthologues. Despite similarities between eukaryotic and S. solfataricus IFs, the sequence of events in translation initiation in S. solfataricus follows the bacterial mode.
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Sulfolobus solfataricus: eukaryotic features but bacterial route Translation initiation factors in Sulfolobus solfataricus
Two different mechanisms for translational initiation exist in S. solfataricus [1] . One is based on a canonical SD (ShineDalgarno)/anti-SD interaction and operates at internal cistrons of polycistronic mRNAs. In contrast, monocistronic mRNAs as well as proximal genes of polycistronic mRNAs are frequently devoid of a 5 -untranslated region. Decoding these leaderless mRNAs seems to require, analogously to bacteria [2] , pairing of the start codon with the anticodon of Met-tRNA i Met (initiator methionyl-tRNA, hereafter tRNA i ) [1] . The complexity of the archaeal translational initiation process is underscored by the presence of a larger-thanbacterial set of translation initiation factors, as archaea encode several orthologues of eukaryal and bacterial factors. The trimeric factor aIF (archaeal initiation factor) 2 forms a ternary complex with GTP and tRNA i [3, 4] . However, in contrast with eukaryotes, the α-and γ -subunits are required for tRNA i binding. The other archaeal initiation factors include aIF2/5B [orthologue of bacterial IF2 and eIF (eukaryotic initation factor) 5B], aIF6 (orthologue of eIF6), aIF1 (orthologue of eIF1) and aIF1A (orthologue of bacterial IF1 and eIF1A). In the present paper, we focus on the structure, function and evolution of the IFs of S. solfataricus in the context of that of bacterial and eukaryotic IFs.
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aIF1 and aIF1A
eIF1 and eIF1A have been reported to act together in different aspects of translation initiation. It has been shown that both factors bind to the small ribosomal subunit [5] . No other factor is required for binding of eIF1 and eIF1A to yeast ribosomes, whereas eIF3 is required for binding of both factors to ribosomes of higher eukaryotes [6, 7] . Although eIF1 is sufficient for eIF2 · GTP · tRNA i binding to yeast ribosomes, eIF1A has a stimulatory effect [8] . eIF1 is thought to be released after start codon recognition through a conformational change in the ribosome [9] . For eIF1A, it was shown that it interacts with eIF2(5B), and it has been suggested that it aids in stabilization of tRNA i on the ribosome after eIF2-GDP release [10] . Both eIF1 and eIF1A are essential for cap-mediated initiation of translation in higher eukaryotes [11] . In the absence of these factors, the 43S complex is unable to start scanning and to locate the correct start codon. Cryo-electron microscopy studies suggested that both eIF1 and eIF1A maintain the initiating ribosome in an 'open' scanning competent conformation until the start codon is reached, and start codon-anticodon base pairing has been established [12] . eIF1 is also important to maintain the accuracy of this process by recognizing and destabilizing aberrant pre-initiation complexes [11] . The solution structure of eIF1 has been resolved by NMR [6] .
Ribosome profiling followed by Western blot analysis with anti-aIF1 antibodies revealed that S. solfataricus aIF1, like its eukaryal orthologue [13] , is associated with small ribosomal subunits [14] . Hydroxyl radical probing was used to study the interaction between S. solfataricus aIF1 and the 30S subunit [15] ; aIF1 was shown to protect nucleotides 658/659 and 749/750 in helices 23 and 24 of 16S rRNA respectively, both of which are located at the subunit interface of the 30S ribosomal subunit [16] . This topographical localization is equivalent to that found for eIF1 and bacterial IF3 [17, 18] , suggesting that aIF1, like its eukaryal and bacterial counterparts, may prevent premature subunit joining during translation initiation [17, 19] .
Chemical probing experiments in the presence of both aIF1 and aIF1A revealed footprints in helices 23 and 24 indistinguishable from those obtained in the presence of only aIF1 (results not shown). The presence of both aIF1 and aIF1A protected additionally nucleotides 1011-1012 in helix 34. Structural changes in helix 34 of eukaryotic 18S rRNA were also observed upon binding of eIF1 and eIF1A to the 40S subunit [12] . However, chemical probing with aIF1A alone did not affect the hydroxyl radical cleavage pattern of 16S rRNA [15] . Most likely, the protection observed in helix 34 by aIF1/aIF1A results from conformational changes upon binding of aIF1A or both factors rather than from a direct shielding of this region by aIF1A.
Like its eukaryal orthologue, ribosome-bound aIF1 stimulated the interaction of the a/eIF2 · GTP · tRNA i ternary complex with the ribosome [14] . Moreover, FRET (fluorescence resonance energy transfer) assays revealed that aIF1 and aIF1A act in concert to stimulate a/eIF2 binding to the ribosome [15] . eIF1 binds to a domain of the eIF2 β-subunit [20] , which is absent from the S. solfataricus homologue aIF2β [4] . Thus it seems reasonable to assume that aIF1 and aIF1A facilitate aIF2 binding to the 30S subunit by inducing structural changes in the ribosomal subunit. Similarly, eIF1 and eIF1A were shown to stabilize conformational changes that apparently accelerate eIF2 · GTP · tRNA i binding to 40S subunits [12] .
Bacterial IF3 and eIF1 were shown to discriminate against non-canonical start codons [17, 21] . Similarly, S. solfataricus aIF1 inhibited ribosome binding to a short mRNA containing a non-canonical AUU start codon [15] . Given the localization of aIF1 on the 30S subunit, it seems unlikely that aIF1 monitors the codon-anticodon interaction directly. Rather, aIF1 might monitor structural changes that occur upon basepairing of the start codon with the anticodon of tRNA i . In summary, like its eukaryotic and bacterial orthologues, aIF1 has a fidelity function in translation initiation complex formation, and both aIF1 and aIF1A exert a synergistic effect in stimulating ribosomal association of the tRNA i -binding factor aIF2.
aIF2
tRNA i binding to the ribosomal P-site during translation initiation complex formation is achieved by dedicated IFs in all kingdoms. In bacteria, 30S-bound monomeric IF2 was shown to recruit fMet-tRNA fMet (formylmethionyl-tRNA) to the ribosome [22] . IF2 displays homology with IF5B present in both archaea and eukarya. However, IF5B (see below) does not bind tRNA i directly [23] .
The eukaryotic aIF2 is a G-protein, consisting of three subunits, α, β and γ . Translation initiation in eukaryotes starts with the assembly of the eIF2-GTP · tRNA i ternary complex [24] . The γ -subunit contains the G-domain for guanine nucleotide binding and, together with the β-subunit, is required for tRNA i binding. After its formation, the ternary complex binds to the 40S ribosomal subunit. This binding is facilitated by eIF1, eIF1A and eIF3, resulting in the 43S initiation complex. In addition to its function as a shuttle for tRNA i , eIF2 is involved in translational regulation. Phosphorylation of the eIF2 α-subunit on Ser 51 blocks GTP/GDP exchange, and therefore recycling of the factor, efficiently shutting off translation [25] .
Like its eukaryotic counterpart, S. solfataricus aIF2 consists of three subunits. Despite the structural resemblance of eIF2 and aIF2, aIF2 does not appear to serve as a shuttle for tRNA i , but rather ribosome-bound aIF2 recruits tRNA i to the 30S ribosomal subunit [15] . In this way, tRNA i recruitment to the S. solfataricus ribosome follows the bacterial route (see below). In S. solfataricus aIF2, the α-and γ -subunits are required for tRNA i binding [4] , whereas in eIF2, the β-and γ -subunits [25] are responsible for this task. The aIF2 γ -subunit contains the G-domain, but, unlike eIF2, has a similar affinity for GDP and GTP. In contrast with eukaryotes, a guanine-nucleotide-recycling factor has not been identified in S. solfataricus [4] . Since GDP/GTP exchange appears to occur spontaneously, a regulatory function intrinsic to the archaeal a/eIF2 α-subunit is rather unlikely. As revealed by structural analyses, tRNA i forms extensive contacts with both the α-subunit and γ -subunit [26, 27] . Contacts involve the elbow of the tRNA and the minor groove of the acceptor stem, but not the T-stem minor groove [27] . These structural data support the notion that the a/eIF2-αγ heterodimer is necessary and sufficient for the stable interaction with tRNA i [4] .
The S. solfataricus aIF2 γ -subunit is a structural homologue of eukaryotic EF1A (elongation factor 1; synonymous with bacterial EF-Tu), which shares a similar three-dimensional fold including a G-domain and a partial tRNA-binding domain. However, recent structural data revealed that these two G-proteins use very different tRNAbinding strategies [27] .
The S. solfataricus aIF2 γ -subunit alone has a weak affinity for tRNA i [4] . Unexpectedly, studies have revealed that it has a high affinity for the 5 -P 3 (5 -triphosphorylated) end of mRNAs [28] . Binding of aIF2 as well as of aIF2γ alone was shown to protect mRNAs from 5 -to 3 -directional decay by an S. solfataricus RNase J orthologue in vitro ( [29] , see review by Evguenieva-Hackenberg and U. Bläsi [29a] in this issue of Biochemical Society Transactions). As the trimeric factor aIF2 has the same affinity for the 5 -P 3 end as aIF2γ , it remains unknown whether mRNA 5 -end protection in vivo is achieved by the trimeric aIF2 or by aIF2γ . However, two observations implicate aIF2γ rather than the trimeric factor in 5 -end protection of mRNAs in S. solfataricus. First, in the presence of aIF1/1A, the trimeric factor has a higher affinity for 30S subunits than for the 5 -P 3 end of mRNAs [15] . Secondly, aIF2γ is more abundant than the aIF2 α-and β-subunits (U. Bläsi and P. Londei, unpublished work). Nevertheless, as the affinity of aIF2γ is higher for the 5 -P 3 end of mRNAs than for tRNA i , one is tempted to speculate that the initial function of this protein was in RNA protection. aIF5B aIF5B belongs to the small group of translation initiation factors that are represented in all three domains of life, its homologues being IF2 in bacteria and eIF5B in eukarya. Its universal conservation suggests that the IF2-like factor was present in the LUCA (last universal common ancestor) of extant cells, where it had some essential function already at that ancestral stage of cellular evolution. However, modern IF2-like proteins from bacteria and eukarya have incurred a substantial functional divergence.
As mentioned above, bacterial IF2 is the central player in translation initiation: in complex with GTP, it binds to the small ribosomal subunit, recruits fMet-tRNA i and, after adapting it into the ribosomal P-site, promotes the association of the 50S subunit [22] . By contrast, the main function(s) of the eukaryal IF2 homologue, eIF5B, is in promoting the joining of 60S subunits and in the dissociation of eIF1, eIF1A, eIF3 and eIF2-GDP during a late step of initiation [30] . eIF5B and IF2 occupy the same region on the ribosome, in the intersubunit cleft [31] . However, in contrast with the bacterial protein, eIF5B interacts via its C-terminal domain with the C-terminal tail of eIF1A, and this interaction seems to be required for efficient subunit joining [32] . According to recent data, eIF5B seems to have additional functions: experiments performed in yeast indicate that the protein is involved in a late step of 40S subunit maturation [33, 34] . In addition, eIF5B has been reported to participate in initiation complex formation on IRES (internal ribosome entry site)-containing mRNA, of both viral and cellular origin. It apparently substituted for trimeric eIF2, which had been inactivated by phosphorylation of the α-subunit [35] [36] [37] . Thus, in the absence of eIF2, eIF5B may actually act as the tRNA-recruiting factor, therefore pointing to a greater functional conservation between the IF2-like proteins than anticipated.
The function of the aIF5B homologue appears to be related to that of its eukaryal homologue, as aIF5B from Methanocaldococcus jannaschii could partially compensate for the loss of eIF5B in vivo [38] . A detailed analysis of the function of S. solfataricus aIF5B has been carried out including studies of chimaeric proteins, obtained by swapping domains between S. solfataricus aIF5B protein and IF2 of the thermophilic bacterium Geobacillus stearothermophilus [23] . S. solfataricus aIF5B is a ribosome-dependent GTPase that associates with 30S and 50S ribosomal subunits both in an isolated state and in a cell lysate programmed for translation. It promotes binding of initiator tRNA to the ribosomal P-site even in the absence of other factors, and is able to stimulate translation of both leadered and leaderless mRNAs in an S. solfataricus in vitro translation system. Although the archaeal protein seems to be closer to the eukaryal counterpart, it still shares subsequences with the bacterial one. Therefore the degree of functional conservation of IF2-like factors in the archaeal and bacterial lineages has been studied by comparing the behaviour of native and chimaeric proteins in different assays, such as ribosome binding, GTP hydrolysis, tRNA i binding and stimulation of tRNA i -ribosome interaction.
With regard to the mode of interaction with ribosomes, cryo-electron microscopy studies have shown that bacterial IF2 is sandwiched between the two ribosomal subunits, contacting the 30S particle mainly by domain II, and the 50S subunit by domains III and IV [39, 40] . Ribosomal binding assays have demonstrated that all IF2-like proteins, both native and chimaeric, interact with either bacterial or archaeal small ribosomal subunits, indicating that domain II of IF2-like factors has maintained a broad ribosome-binding capacity. Interestingly, this is not the case for domains III and IV involved in the interaction with the 50S subunit. As activation of the ribosome-dependent GTPase activity of the IF2 factors depends on their ability to interact with the large ribosomal subunit, these results suggest that the interaction of IF2-like protein with the 50S subunit is the one having the highest degree of specificity and is probably the most important for the proper setting of the translation initiation complex.
The experiments with chimaeric proteins also highlighted the details of IF2 interaction with initiator tRNA, confirming that domains IV of G. stearothermophilus and S. solfataricus factors have different tRNA i -binding capacities. The presence of the bacterial domain IV is necessary and sufficient to allow binding of fMet-tRNA i . On the other hand, archaeal domain IV is unable to interact with either Met-or fMet-tRNA i , even when placed in the 'bacterial context'. Remarkably, a direct interaction in solution between the IF2-like factor and tRNA i is not required to promote ribosomal binding of the latter. However, a proper contact between tRNA i and domain IV of IF2 on the ribosomal surface is probably important for the correct adjustment of tRNA i in the ribosomal P-site during the formation of the 70S complex, and in aIF5B, this interaction seems to be mediated by the archaeal specific C-terminal domain (A. La Teana and P. Londei, unpublished work).
aIF6
aIF6 is a highly conserved protein shared by eukaryotes and archaea, but is lacking in bacteria. Despite rather extensive studies, its function in translation remains ill-defined. eIF6 was originally identified as a ribosome anti-association factor, binding specifically to the large ribosomal subunits, hindering their association with the small subunits, thereby inhibiting the formation of active 80S ribosomes [41] . On the basis of these data, eIF6 was thought to function as an initiation factor, regulating the access of the 60S subunits to the elongation cycle. Later experiments carried out in yeast revealed that depletion of eIF6 repressed the biosynthesis of 60S ribosomal subunits, but otherwise had no specific effect on translation initiation [42] , suggesting that the main Figure 1 Sequence of events in S. solfataricus translation initiation aIF2 binding to 30S subunits is accelerated by aIF1 and aIF1A. tRNA i is recruited by aIF2 being part of the 30S · aIF1 · aIF1A · aIF2-GTP complex (see the text). Then, the correct start codon-anticodon interaction is monitored by aIF1 (indicated by a blue arrow). tRNA i bound in the initiation complex is assumed to be pivotal for recruitment of leaderless mRNAs. In analogy to E. coli [2] , it is conceivable that a leaderless mRNA is recruited to a 70S initiation complex. The K d values given are taken from [15] .
function of the protein was to promote ribosome synthesis. Experiments in mammals, including the production of eIF6-knockout transgenic mice, have, however, demonstrated that eIF6 has a crucial role in translation regulation, possibly in addition to its function in ribosome synthesis [43] . Homozygous ablation of eIF6 determined early lethality in mice embryos, whereas heterozygous mice are viable, although showing a reduced rate of protein synthesis. Haploinsufficient eIF6 mice have aberrant ribosomal profiles, showing an increased amount of 80S monosomes, which might explain the observed decrease in protein synthesis. Whether translation initiation is indeed an affected step remains unclear, since the anomalies observed arising from the dearth of eIF6 are also compatible with impaired ribosome recycling during translational termination. Like eIF6, aIF6 binds tightly to the 50S subunits, thereby preventing the formation of 70S ribosomes. The antiassociation function of aIF6 has been clarified by means of chemical probing and structural modelling in S. solfataricus [44] . The protein has been shown to bind in the centre of the 30S-interacting surface of 60S ribosomal particles. aIF6 contacts a number of 23S rRNA bases, all of which are located within domain IV of 23S RNA, in the vicinity of helix 69 and close to one another in the tertiary structure; in addition, aIF6 interacts with ribosomal protein L14. Helix 69 in bacterial ribosomes is well known as a key region for subunit interaction. Notably, the 30S-interacting surface of the large subunits is very protein-poor and composed primarily of RNA. L14 is one of the few proteins present in this area of the ribosome [45] , and is probably the main, if not the only, large subunit protein involved in subunit interaction [46] .
In summary, aIF6 appears to prevent subunit association by hindering the formation of the intersubunit bridges. Studies on the ribosomal location of eIF6 have demonstrated that the eukaryal factor occupies a position on the 60S subunit essentially homologous with that of its archaeal counterpart [47, 48] . In archaea and eukarya, IF6 appears to be an essential protein (A. La Teana, unpublished work). In addition, there is some evidence that aIF6 might participate in translational termination/ribosome recycling, which is derived from studies showing that aIF6 may co-operate with the archaeal/eukaryal factor ABCE1 (ATP-binding cassette transporter E1) in promoting subunit dissociation after termination [49] .
Formation of the S. solfataricus translation initiation complex
Formation of the translation initiation complex is an essential step of protein synthesis in all domains of life. It is accepted that in eukaryotes, eIF2-GTP binds tRNA i in the cytoplasm, and that it serves as a carrier to bring tRNA i to the ribosome [25] . In contrast, it has been revealed that in Escherichia coli, IF2 binds first to the 30S subunit and then recruits fMettRNA i [22] .
The situation in S. solfataricus is more complex, as aIF2 binds not only to tRNA i , but also to the 5 -P 3 end of mRNA [28] . As mentioned above, the isolated aIF2 trimer has a higher affinity for the 5 -P 3 end of mRNAs than for tRNA i [28] . Since binding of tRNA i to S. solfataricus ribosomes requires the presence of aIF2 [4] , this observation was difficult to reconcile with a tRNA i -shuttling function of aIF2, as known for eIF2 [25] . However, competition experiments revealed that, whereas increasing concentrations of 5 -P 3 -RNA released tRNA i from an aIF2-GTP · tRNA i complex, they hardly competed away tRNA i bound to a 30S · aIF2-GTP complex. Moreover, when 5 -P 3 -mRNA was added to a 30S · aIF1 · aIF2-GTP · tRNA i complex, tRNA i was not released [28] . Hence, it was conceivable that the apparent competition between the 5 -P 3 -RNA and tRNA i for aIF2 could be alleviated if (i) aIF2-GTP would associate faster with 30S subunits than with 5 -P 3 -RNA, and (ii) 30S-bound aIF2-GTP would have a higher affinity for tRNA i than for 5 -P 3 -RNA.
To address this question, FRET assays were performed with labelled constituents involved in translation initiation complex formation. The determination of the K d value for all three ligands of aIF2, the 30S · aIF1/1A complex, tRNA i and the 5 -P 3 end of mRNA, revealed that aIF2-GTP binds with a higher affinity to the 30S · aIF1 · aIF1A complex than to the 5 -P 3 end of mRNA. In addition, aIF2 has a higher affinity for tRNA i than for the 5 -P 3 -RNA end when being part of a 30S · a/eIF2 · aIF1 · aIF1A-GTP complex [15] . Hence binding of aIF2 to the 5 -P 3 end of mRNA, and thus 5 -end protection only occurs either under conditions when free 30S ribosomes are limiting or, given the abundance of aIF2γ , if 5 -P 3 -RNA protection is predominantly mediated by aIF2γ alone [28] .
The FRET assays further suggested that tRNA i is not carried to the ribosomes by aIF2, but is instead recruited by 30S bound aIF2 (Figure 1) . Thus, although aIF2 resembles eIF2, it complies with the operational mode of bacterial IF2, and thus deviates from the shuttle function of the eukaryotic counterpart eIF2. As in bacteria, a canonical mRNA containing an SD sequence can directly bind to S. solfataricus 30S subunits through the SD-anti-SD interaction, whereas leaderless mRNAs, which depend on the start codon-anticodon interaction require a P-site-bound tRNA i [2] As leaderless mRNAs are prevalent in Sulfolobus spp. [50] , the postulated mechanism of translation initiation, i.e. recruitment of tRNA i by 30S-bound a/eIF2, could be of particular importance for the translation of this class of mRNAs.
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